A semiconservative mechanism of viral RNA replication, based on the biochemical properties of RF and RI, was independently proposed by Weissman and his co-workers (34) and by Fenwick, Erikson, and Franklin (7). Although a hypothetical conservative model of the replicative process can be proposed (6), a recent experiment on the turnover of double-stranded RNA is best interpreted by a semiconservative mechanism of replication in which viral RNA can rapidly recycle into replicative structures (21) . According to this model, RF acts as the template for new viral RNA synthesis, and RI is a population of RF with bound nascent single-stranded viral RNA. The length of the single-stranded component of RI varies according to the degree of completion of the polynucleotide chain (6). Newly synthesized single-stranded RNA, when displaced from RI, could again enter into the cycle of RNA synthesis as RF and then as RI.
Several unique species of RNA have been demonstrated in cells infected with small ribonucleic acid (RNA) viruses (6) . Besides the singlestranded RNA of the virus, which may have a molecular weight or sedimentation characteristics which differ from those of any normal cellular RNA, one finds double-stranded RNA (replicative form = RF) which is composed of one strand of viral RNA (+ strand) and one strand of RNA complementary to the viral RNA (-strand; 33). Also, one finds a population of molecules with both a single-stranded and a doublestranded component (replicative intermediate = RI; 6, 7).
A semiconservative mechanism of viral RNA replication, based on the biochemical properties of RF and RI, was independently proposed by Weissman and his co-workers (34) and by Fen- wick, Erikson, and Franklin (7) . Although a hypothetical conservative model of the replicative process can be proposed (6) , a recent experiment on the turnover of double-stranded RNA is best interpreted by a semiconservative mechanism of replication in which viral RNA can rapidly recycle into replicative structures (21) . According to this model, RF acts as the template for new viral RNA synthesis, and RI is a population of RF with bound nascent single-stranded viral RNA. The length of the single-stranded component of RI varies according to the degree of completion of the polynucleotide chain (6) . Newly synthesized single-stranded RNA, when displaced from RI, could again enter into the cycle of RNA synthesis as RF and then as RI. RF and RI, although intimately related in the biosynthetic processes involved in viral RNA synthesis, can be expected to have quite different physicochemical properties. RI may be a branched polymer with very unusual properties since the branch is single-stranded and the main chain is double-stranded. To develop a theoretical treatment of such molecules, it was convenient to compare their physicochemical properties with those of single-stranded RNA and doublestranded RNA. The single-stranded RNA used was that isolated from the virion of R17 bacteriophage. This RNA has been studied by several groups of biochemists and physical chemists. It has a molecular weight of 1.1 4 0.1 X 106 (13, 26) and has an unusual degree of secondary structure. The double-stranded RNA used in this study was RF isolated from cells infected with bacteriophage R17. It should have a molecular weight of 2 (1, 10, 33) . In the present study, a theoretical model is developed for the structure of RI, and some of the hydrodynamic properties of R17 RNA, RF, and RI are compared. The effect of ionic strength on the sedimentation constant is described in detail. From known solution properties of single-stranded RNA (14, 19) The chain is initiated with one nucleotide and terminated when the chain length is X, the number of nucleotides in viral RNA. The three processes of chain initiation, growth, and termination must be considered separately.
Initiation. In the initiation process, an enzyme, RNA-dependent RNA polymerase, interacts with the "starting end" of the double-stranded RNA template. The chain is then initiated when the first nucleoside-5'-triphosphate binds to this site. We are not now concerned with details of this reaction, such as the problem of separate enzymes for the synthesis of the double-stranded and single-stranded RNA (20) , but rather with the special features of initiation compared with chain growth. Assuming the concentration of all four ribonucleoside-5'-triphosphates to be the same and equal to B., then for initiation:
where PI = concentration of the polymer of chain length 1; Ki = rate constant for initiation, a complex term including an expression for the interaction of the enzyme(s) with the template as well as an expression for the binding of the first substrate, the base of the 5' end of the chain, to the enzyme and template; and Kp= rate constant for polymerization, assumed to be independent of the type of base or chain length. This is a reasonable first approximation since the catalytic action of the enzyme is probably the overriding factor in the Kp term, owing to the lowering of the activation energy for the condensation step.
Growth process. This is the stepwise addition of nucleotide units to the chain with no possibility for chain termination. degradation products (22) . In contrast, RI was a completely heterogeneous population of molecules, as might be expected from the pattern of RI obtained by sucrose density gradient centrifugation (11) .
The effect of ionic strength on S was measured for the homogeneous components of R17 RNA and RF. For RI, an "average" S value was calculated from the slope to the 50% points of the sedimentation pattern. The values calculated are assumed to be S°values. No consistent variation of S20,, with concentration was noted for R17 RNA in the low concentrations used. In a more extensive study on RF, the value of S20,W remained constant in the concentration range of 7.2 X 104 to 1.6 X 10-2 g/dl. The results of this study of variation of S with r/2 are shown in Fig. 4 where S' w is plotted versus I/2 on loglog coordinate paper. R17 RNA will be considered first. The loglog plot of S versus r/2 is linear between r/2 = 0.022 and 0.14 M. Above r/2 = 0.14 M, S20,W varied only slightly, the increase in value from 0.14 to 0.62 M being from 28.0 to 28.5S. Between 0.020 and 0.022 M, there was a discontinuity in the S values. This effect was not studied in any detail in the present work. For the present study, the lowest value of r/2 used was 0.012 M. The changes in S' , were completely reversible. For example, a sample in a solvent of r/2 of 0.020 with S20, of 13.2 to 13.7 was adjusted to r/2 of 0.060 by addition of NaCl. The S'20,w value increased to 22.1, which fitted on the loglog plot of S' , versus r /2.
In contrast to the behavior of R17 RNA, the SOO, of RF remained constant over the range of P/2 = 0.028 to 0.43 M. Measurements (Fig. 6) . At low ionic strength the distribution was narrow, and with increasing ionic strength the distribution broadened and skewed in the direction of higher S values. This change could be correlated with the variation of the S value of R17 RNA with r/2 and the relative constancy of S value of RF (Fig. 4, 6 ).
Viscosity. Properties of the single-stranded RNA. Although single-stranded RNA is a polyampholyte, the major charge is negative in the pH range of 6.5 to 6.9 used in this study. Many studies have demonstrated the alterations in shape of this flexible polyelectrolyte with changes in temperature or ionic strength (27, 28) . The detailed study of the dependence of S on ionic strength, as reported in this paper, is but a further example of the conformational changes in single-stranded RNA.
The theoretical relationship between S and r/2 for a flexible polyelectrolyte was developed by Harris and Rice (16, 17, 23) by considering the variation in radius of gyration (RG) as a function of the electrostatic free energy. The expression derived is extremely complicated, but does indicate an exponential relationship between RG and r/2. This relationship is clearly demonstrated for R17 RNA The effects of ionic strength on the optical density and on the intrinsic viscosity of R17 RNA are but further reflections of the conformational changes. In solutions of high ionic strength, the charge due to the dissociated groups, particularly the phosphate group, is neutralized by the Gegenion cloud, and the molecule can have a conformation representing a minimal internucleotide distance and also have a very compact form due to the extensive H bonding between base pairs. As the ionic strength decreases, the charged phosphate groups repel each other, possibly resulting in an increase in internucleotide distance and, more importantly, in a dissociation of H bonds as the electrostatic energy becomes greater than the H-bond energy. The discontinuity in the S versus r/2 curve may represent a cooperative effect due to dissociation of critically placed groups of H bonds which result in a change from a compact structure to an extended structure. The value of S at ionic strengths lower than at the point of discontinuity are close to those for the double-stranded RNA of twice the molecular weight (RF). Thus, the single-stranded RNA, in solutions of low ionic strength, may not be as rigid as double-stranded RNA. If both types of molecules had exactly the same degree of rigidity, then they should form a homologous series, and the S value for R17 RNA should be less than that for RF under conditions of low ionic strength. A further indication of the similarity of structure is the equality (15) .
In solutions of ionic strength greater than 0.14 M, where S is constant, the S value does not fit into the homologous series formed by almost all other types of single-stranded RNA since it does not fit the two similar empirical relationships between S and M, the relationship M = 1,100 52.2 derived by Gierer (14) and the relationship M = 1,550 521 derived by Spirin (28) . This phenomenon, already noted by Strauss and Sinsheimer for RNA from bacteriophage MS2 (29) and by Gesteland and Boedtker for RNA from bacteriophage R17 (13) , leads one to suppose that the RNA from this group of RNA bacteriophages can assume an unusually compact structure in solutions of relatively high ionic strength.
Properties of double-stranded RNA (RF). The remarkable difference between the S versus r/2 relationship for R17 RNA and RF can be attributed to the relative rigidity of the doublestranded RF. Thus, the electrostatic forces developed in Gegenion-poor solutions are neither sufficient to denature the double strand nor to cause any striking change in the conformation. This demonstration of the behavior of RF can be cited as further evidence for the doublestranded nature of this molecule. A similar difference between native and denatured DNA was described by Studier (30) .
With the use of the published value of translation per nucleotide residue of 3.03 to 3.05 A for double-stranded RNA (18, 31) (Fig. 6 ). This observation clearly demonstrates that RI molecules have hydrodynamic properties depending on both the singlestranded and double-stranded component, and supports the original proposal that the sedimentation heterogeneity in RI may be due to the variable length of the single-stranded component (7) .
The intrinsic viscosity of RI is much higher than that of R17 RNA at low ionic strength. This may be due to the rigidity of the double strand and to the higher molecular weight of RI. With the use of the Flory-Fox equation (9) 
